Summary: Clipperton Atoll, one of the most isolated coral reefs worldwide, is of great scientific interest due to its geomorphology and high levels of endemism. This study explored the reef fish assemblage structure of Clipperton Atoll and its relationship with live coral cover. Nine stations were sampled at three sites and three depths (6, 12 and 20 m) around the reef, measuring fish species richness and biomass and hermatypic coral cover (at genus level). We evaluated variation in species richness, biomass and diversity of fish assemblages among sites and depths, as well as the relationship between the entire fish assemblage composition and live coral cover. The results showed that species richness and biomass were similar among sites, but differed across depths, increasing with depth. In contrast, diversity differed among sites but not among depths. Multivariate analyses indicated that fish assemblage composition differed among sites and depths in relation to changes in cover of coral of the genera Pocillopora, Porites, Pavona and Leptoseris, which dominate at different depths. The results showed that fish species richness and diversity were low at Clipperton Atoll and that, in isolated coral reefs with a low habitat heterogeneity and low human disturbance, live coral cover has a significant influence on the spatial variation of the reef fish assemblages. This study highlights the importance of coral habitat structure in shaping coral reef fish assemblages.
INTRODUCTION
Coral reefs are extremely complex systems, with high intra and inter-habitat heterogeneity generating multiple ecological niches for a great number of species (Jackson et al. 2001) . The high structural complexity of coral reefs provides shelter and food to a variety of species of different taxonomic groups (Anderson et al. 1981 , Sale 1991 , Ohman and Rajasuriya 1998 , Chittaro 2004 . Fish assemblages are one of the most important biological components within the coral reef ecosystem, since they constitute its most conspicuous motile component and tend to demonstrate specific associations with reef structures (Arias- González et al. 2006 , Méndez et al. 2006 . Fishes, as main consumers, exert a top-down control over the food webs within coral reefs and also play a key role in maintaining ecosystem resilience (Arias-González et al. 2006 , Aguilar-Medrano and Calderón-Aguilera 2015 , Cáceres et al. 2015 .
Coral reef fish assemblage structure patterns have been studied widely in relation to numerous biological and physical parameters of the reef environment (e.g. Galzin 1987 , Ault and Johnson 1998 , DominiciArosemena and Wolff 2006 , Arias-González et al. 2008 . There are many studies linking patterns of the reef fish assemblage structure (i.e. species richness, abundance, diversity and composition) with particular attributes of the coral reef habitat such as coral species richness, composition and morphological diversity (i.e. reef geomorphology, number of holes or availability of shelter, rugosity-flattening and depth) (e.g. Rodríguez-Zaragoza et al. 2011 , Alvarez-Filip et al. 2011 , Rodríguez-Zaragoza and Arias-González 2015 . In particular, some authors consider that a strong relationship exists between fish fauna and corals in terms of live coral cover (LCC), such that increased variation in coral species can support high abundance and richness in fish assemblages (Adjeroud et al. 1998 , Arias-González et al. 2008 , Acosta-González et al. 2013 . However, this relationship has not been found in other studies (Roberts and Ormond 1987, Dominici-Arosemena and Wolff 2006) . This discrepancy can be attributed to the different geomorphological features (i.e. high topographic complexity) and landscape patterns (e.g. presence of other habitats) in each study area, as well as the particular study methodologies and scales (Chabanet et al. 1997 , Mellin et al. 2008 . On the other hand, depth is an important factor determining coral species distribution. This zonation has been attributed to a combination of physical and biological factors affecting coral, including predation by fish, wave exposure and differential use of light by specific symbiotic dinoflagellates of coral species that control the abundance and distribution of hermatypic corals (Iglesias-Prieto et al. 2004 ). These two variables, LCC and depth, are not independent of each other, but the extent to which they can predict general patterns of reef fish assemblage structure remains unclear and has been poorly studied in isolated coral reefs systems with low human impact, such as Clipperton Atoll.
Clipperton Atoll is located on the western boundary of the Eastern Tropical Pacific (ETP) on the route of the North Equatorial Current and, intermittently, on the North Equatorial Counter Current. The isolation of the Clipperton Atoll has created difficulties for scientific exploration (Fourriére et al. 2014) , but a few significant studies of the coral (Glyn et al. 1996, Carricart-Gavinet and Reyes-Bonilla 1999) and fish species (Allen and Robertson 1997 , Robertson and Allen 1996 , Fourriére et al. 2014 ) have shown that Clipperton is of great interest because of its biogeographical importance and high degree of endemism (Glynn et al. 1996 , Veron et al. 2015 . Despite the small size of the atoll, Clipperton is one of the richest areas of endemism in the world, with 1.5 endemic species per square kilometre (Allen 2007) . Its high degree of endemism represents 7% of the reef species (Béarez and Seret 2008, Fourriére et al. 2014) . Clipperton has a unique reef ecosystem in which the coral reefs constitute the major structural components of the landscape, since no rocky, seagrass or mangrove habitats are present (Glynn et al. 1996) . Another special feature of this reef is its "optimal" condition of reef health, since it has a high percentage of LCC with no direct human impacts, natural degradation from hurricanes, coral bleaching or Acanthaster planci outbreaks in recent decades (Salvat et al. 2008) . These special features, in addition to those mentioned above, allow us to assess the direct relationship between fish assemblage structure and the coverage and distribution of corals across different depths. In this study, we evaluate the reef fish assemblage structure of Clipperton Atoll and its relationship with LCC. We hypothesize that LCC will influence the structure of the reef fish assemblages, with a positive relationship occurring between LCC and species richness, biomass, diversity and composition of reef fish assemblages.
MATERIALS AND METHODS

Study area
Clipperton Atoll (France) is located ~1200 km southwest coast of Mexico, ~945 km south of the Revillagigedo Archipelago, ~2400 km northwest of the Galapagos Islands and ~5700 km from the Line Islands (Fig. 1) . Comprising a total area of 12 km 2 , the atoll is 4 km across at its widest. The emergent surface consists of a narrow ring of land (from 40 to 400 m wide) around a central lagoon of 10 km 2 , which is isolated from the ocean. Unlike coral reefs on the continental shelf in the ETP, the highly isolated Clipperton Atoll is not affected by the drainage of permanent rivers, coastal lagoons, mangroves and extensive sandy shores (Glynn and Wellington 1983) . The water is therefore less turbid, allowing light penetration and promoting the growth of hermatypic coral to a depth of 70 m (Glynn et al. 1996) . The full geomorphological and oceanographic characteristics of this reef have been described by Glynn et al. (1996) , Allen and Robertson (1997) and Robertson and Allen (1996) .
Data collection
Sampling was conducted in March 2005. A total of nine stations were sampled, at three sites (A, B and C) and three depths (6, 12 and 20 m) on the outer reef slope around the atoll (Fig. 1 ). Sites were selected as a function of their geomorphology and relative live coral abundance. At each station, three transects were sampled. For each transect, a visual census (2×25 m) was performed in order to record fish species richness, abundance (number of individuals) and size. Fish were classified into 13 sizes at intervals of 5 cm, from 5 cm to >100 cm. The biomass of each species was estimated as fish size and abundance, using the formula B=aL b , where B is biomass (g m -2 ), L is the weighted average height, and a and b are constants for the length-weight relationship. The constants a and b were obtained from Fishbase (Froese and Pauly 2015) . When no constants were available for a species, the constant of a species of the same genus and similar size and morphology was used. In addition, corrections to the length-to-height ratio for certain constants were estimated from furcal or standard length, in order to standardize the total length. The biomass of each individual was then multiplied by the total abundance of individuals and divided by the area of the sampled transect (50 m 2 ). For each fish visual census, the hermatypic coral cover was recorded at the genus level (Porites, Pavona, Pocillopora and Leptoseris) at 25 cm intercepts along a 25 m long transect. The percentage of cover was estimated as the total number of records for a coral genus at the intercepts, divided by the total number of intercepts per transect and multiplied by 100.
Data analysis
Sampling effort was assessed using observed and estimated species accumulation curves generated with the Chao 1, Chao 2 and Jackknife 2 estimators, as well as cumulative Shannon diversity index (H′, nats) diversity. Jackknife 2 and Chao 2 predict the number of unique and duplicated species that remain to be sampled. The Chao 1 estimator considers the number of singletons and doubletons among samples. The curves were constructed with 10000 randomizations without replacement, using EstimateS V9.1 (Colwell 2013) . For each site and depth, total fish species richness (S) was also analysed using individual-based rarefaction curves (Colwell 2013) . Fish diversity was examined based on the biomass of the species and estimation of the Shannon diversity (H′) and Pielou evenness (J′).
A two-way ANOVA, with site (3 levels: A, B, C) and depth (3 levels: 6, 12, 20 m) as fixed factors, was used to compare species richness, total biomass (g m -2 ), Shannon diversity, Pielou evenness, and total (LCC) and coral genus cover. Where a significant difference was found (p≤0.05), a post hoc Tukey HSD test was used to distinguish among groups. Where necessary, data were log 10 -transformed in order to comply with the requirements of homogeneity of variance and normality. Non-transformed values (means±SE) are shown in the figures and tables.
A permutational multivariate analysis of variance (PERMANOVA) was performed in order to assess the variation in the composition of fish assemblages, using 9999 permutations and a Bray-Curtis similarity matrix generated with the biomass of each species (g m -2 ), following fourth-root transformation. The PER-MANOVA was based on the previous ANOVA design. Significant terms and interactions were evaluated with Pseudo-t statistic pairwise comparisons. Differences in multivariate dispersion were tested by PERMDISP analysis on the same matrix. A two-way similarity percentage (SIMPER) analysis was used to identify which species primarily accounted for the observed differences. These analyses were made in PRIMER V6.1+ PERMANOVA Gorley 2006, Anderson et al. 2008) .
Canonical redundancy analysis (RDA) was used to assess the direct linear relationship between the fish assemblages and coral cover and depth. Fish biomass values were transformed using Hellinger pre-treatment (Legendre and Gallagher 2001) , and a forward selection was utilized to find the best set of explanatory variables. The Trace statistic was employed to assess model fit. Significant species vectors were overlaid on the RDA ordination to examine how fish species were related to levels of coral genus cover and depths. Species vectors represent raw Pearson correlation calculated for each species with the original RDA axes. Only species found to be important for each site and depth in the SIMPER analyses were represented. Statistical significance was tested with 9999 permutations in CANOCO 4.5 (ter Braak and Šmilauer 2002).
RESULTS
Fish assemblages
In total, 45 fish species were found, representing 35 genera and 22 families. The most common families were Labridae (7 species), Acanthuridae (5), Carangidae (3), Kyphosidae (3), Muraenidae (3) and Serranidae (3). The average fish biomass for Clipperton Atoll was 356.6 g m -2 . Fish species, and their biomass and abundance, are detailed in the Supplementary Material, Table S1 . Species accumulation curves showed that sampling effort was representative, with between 60% and 73% of the expected species inventory, suggesting that 30 unique species and 16 duplicate species remained to be sampled. However, singleton and doubleton species were accurately recorded. Likewise, the Shannon diversity curve showed asymptotic behaviour, indicating that the sampling effort recorded the main species that form the fish assemblage structure (Supplementary Material, Fig. S1 A-B). Individual-based rarefactions confirmed that site C had the highest total species richness (39 species) but a low number of individuals. Site A showed fewer species (34) but the highest fish abundance. In contrast, site B had the lowest species richness (31) and abundance. Rarefactions among depths also showed that depths 12 and 20 m showed the highest total species richness (39 and 33 species, respectively) and abundance, while the shallower depth (6 m) had few species (24) and the lowest number of individuals (Supplementary Material, Fig. S1 C-D) .
Our results confirmed that average fish species richness and total biomass were similar among sites but differed among depths, showing higher values at deeper stations (Table 1 , Fig. 2A-D) . Shannon diversity (H′) and Pielou evenness (J′) differed significantly among sites, but did not vary among depths (Table 1, Fig. 2E-H) . Under both indexes, the highest values were found at site B and the lowest at site C.
The composition of reef fish assemblages differed among sites and depths (Table 1 ). The fish assemblage at site A was different from that at sites B and C, and the fish composition varied significantly at all depths. The PERMDISP test showed that both factors (site and depth) and their interaction have a location dispersion effect, suggesting that the multivariate dispersion within groups was homogeneous and that each factor favoured the establishment of different reef fish assemblages (Table 1) . Table S3 ).
Coral cover
In general, the Porites corals were the most abundant among sites and depths, followed by Pavona and Pocillopora, with lower coverage values (Fig. 3A-F) . In turn, Leptoseris corals were only found at site B, with 0.2% cover at depth 20 m. Coverage values of Porites, Pavona and Pocillopora, as well as LCC, differed significantly among sites and depths (Table 1) . Porites cover was higher at site A and lower at sites B and C. It was also higher at deeper stations, particularly at 20 m (Fig. 3A, B) . Meanwhile, the Pavona corals had the highest cover at site B and the lowest at 12 and 20 m depth (Fig. 3C, D) . The cover of Pocillopora was higher at sites B and C and also decreased with depth, showing its highest coverage at the shallow depths (6 and 12 m) (Fig. 3E, F) . The LCC showed its highest value at site B, with sites A and C both showing lower values. Moreover, LCC was higher at deeper stations, particularly at 20 m depth, where the values were twice as high as those found at 6 m (Fig. 3G, H) .
Fish assemblages in relation to coral cover and depth
RDA outcomes showed that the variation of the reef fish assemblage composition was mainly related to the cover of the coral genera Pocillopora, Porites and Pavona as well as depth. (Fig. 4) . Canonical axis 1 separated the transects by depth and cover of Pocillopora, Porites and Leptoseris, while canonical axis 2 separated the transects based on the Pavona cover. The first axis represented a depth gradient, with a clear zonation of the coverage of coral genera. The second axis separated site A from sites B and C. Depth and cover of Porites and Leptoseris were positively correlated with the presence of the fish species M. berndti, K. elegans, P. colonus and D. dermatolepis at and 20 m depth, and with some species at 12 m depth at site C (Fig. 4) .
DISCUSSION
The reef fish assemblage structure at Clipperton Atoll (characterized by species richness, diversity, biomass and species composition) varies as a function of LCC, through a depth gradient. However, the reef fish assemblage is characterized by low fish species richness and diversity, despite the large existing LCC.
Clipperton Atoll has a well-developed coral reef structure compared with other coral reefs in the ETP, which typically have shallow, irregular and limited coral reef formations (Veron 2015) . The low reef fish species richness found at Clipperton Atoll is in accordance with patterns described for other oceanic islands of the ETP, such as the Cocos and Malpelo (Glynn et al. 1996) , Galapagos (Glynn and Wellington 1983) and Revillagigedo (Castro-Aguirre and Balart 2002) islands. However, the reef fish species richness of the Clipperton Atoll is one of the lowest of the ETP coral reefs, though it is the largest coral reef, at 370 ha (Glynn et al. 1996 , Salvat et al 2008 . A total of 197 species are currently known for Clipperton Atoll, while a total of 76 have been seen in situ during several field samplings (Fourriére et al. 2014) . Several authors have pointed to a bottom-up causal relationship between the reefscape and fish species, suggesting that a high LCC and high coral species richness can support more fish species at higher abundances (Chabanet et al. 1997 , Arias-González et al. 2011 , Acosta-González et al. 2013 . The LCC at Clipperton Atoll is high, but with a low coral species richness (Glynn et al. 1996 , Salvat et al. 1998 , and this is likely to be reflected in the low fish species richness and diversity found. It is also necessary to consider that the low functional connectivity and geomorphology of Clipperton Atoll (i.e. no channels connect the inner lagoon with the reef and surrounding sea and there is no reef crest present) (Glynn et al. 1996) could also be promoting this low fish species richness.
The similarity in fish species richness and biomass among sites sampled at Clipperton Atoll was in accordance with results reported by Salvat et al. (2008) , who described similar fish abundance in the northern and southern part of the atoll. The homogeneous geomorphology along the Clipperton Atoll, as well as its small size, could lead to similar fish species richness and biomass values among the sites, while the differences found in fish assemblage diversity and composition could be associated with the different growthforms among coral genera (i.e. massive, encrusting, columnar, laminar and branching corals), particularly at site A, where average cover of Porites was higher than at the other sites. This corresponds to the findings of Rodríguez-Zaragoza et al. (2011) , who reported a strong relation of Porites cover with reef fish assemblages of the Mexican Pacific coral ecosystems. The species that most contributed to the composition of the fish assemblages studied among sites were classified by Robertson and Allen (1996) as residents in Clipperton Atoll, due to their high abundance and frequent observation. However, while these species are associated with tropical reefs, none are dependent on the coral for survival Allen 1996, Allen and Robertson 1997) .
At Clipperton Atoll, the fish species richness, biomass and composition, as well as the cover of different coral genera, showed significant variation with increasing depth. In fact, higher coral cover, especially that of the genera Porites and Pavona, could be promoting the high biomass and species richness deeper stations. The most abundant fish species at 6 and 12 m belonged mainly to the families Acanthuridae, Pomacentridae and Labridae, and are commonly shallow-water species (Robertson and Allen 1996) . Among them, the species S. baldwini and T. robertsoni stand out as endemic to Clipperton and are associated with coral reefs and rocky reefs (Robertson and Allen 2015) . Broadly, the fish species A. nigricans, C. marginatus, A. triostegus and T. robertsoni are common below the surf zone or in areas affected by turbulent waves and strong currents (Dominici-Arosemena and Wolff 2006, Robertson and Allen 2015) , and they are also associated with coral reefs and rocky reefs (Robertson and Allen 2015) . The RDA developed in this study confirmed these relationships. In particular, A. nigricans and A. triostegus had a clear preference for a depth of 6 m, while C. marginatus and T. robertsoni had an affinity for the coral genus Pocillopora. Dominici-Arosemena and Wolff (2006) also stated that A. nigricans prefer shallow rocky reefs with colonies of Pocillopora and exposure to strong waves. At 20 m depth, the low ecological diversity was likely to be the result of the greater dominance of species such as D. dermatolepis and M. berndti. Most of the fish species recorded at this depth are also associated with coral reefs and rocky reefs (Robertson and Allen 2015) .
The small size and the low benthic substrate heterogeneity of Clipperton Atoll, due to the presence of fewer hermatypic coral species and morphofunctional groups of coral (Glynn 1996, Carricart-Ganivet and Reyes-Bonilla 1999) , probably contributes to the low fish species richness observed. Nevertheless, we found several species-specific relations among coral reef fishes and hermatypic corals at particular depths. In conclusion, this study showed that the live cover of hermatypic corals is an important variable that modulates the structure of the reef fish assemblages at Clipperton Atoll and that depth also plays an important role. Despite the importance of LCC in shaping reef fish assemblage structure, higher coral species diversity seems to be necessary in order to increase fish species richness in coral reefs ecosystems with low habitat heterogeneity.
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